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The main objective of this review is to describe the new sequencing technologies called next 
generation sequencing (NGS) and its utility as a molecular genetic diagnosis tool in a medical 
field. Sanger method has dominated the genome sequencing industry for the past 30 years 
since its invention in 1975. It produced first human genome and still remains the gold standard 
for genome sequencing. However, it cannot meet the needs for enormous genetic data gath- 
ering and process because of its relatively long sequencing time and high cost per sample. 
NGS which parallelise the sequencing process, thereby increasing processing speed at a re- 
duced cost per sample emerged to compensate for the weakness of the previous method. 
Currently NGS is used in some medical areas and its use is being widened. NGS also plays an 
important role in a study of genetically heterogenous hearing diseases. NGS is expected to 
mark a significant milestone in genomic research filed in a near future. 
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Introduction 

Since DNA was discovered as the code to all biological life 
on Earth, genome sequencing was regarded as the key to the 
management of all genetic diseases. Although nowadays ge- 
nome sequencing is not considered as miraculous as it was 
in the past, the efforts to reveal the genome sequence helped 
developing many sequencing methods and the fast moving 
field of genomic medicine has been impacting on clinical care. 

Since Sanger" introduced his method for DNA sequencing 
in 1975, Sanger method and its variants have dominated the 
genome sequencing field for the past 30 years."' The original 
Sanger method uses specifically labeled nucleotides to read 
through a DNA template during DNA synthesis. Sanger meth- 
od remains the gold standard for sequencing accuracy. The 
current generation of automated high throughput Sanger se- 
quencing machines read —2 million bases of sequence per 
day and were used to sequence the first human genome. 
However, this throughput is very low compared with the size 
of the human genome (one strand of the human genome is 
3,000,000,000 base pairs). Therefore, new sequencing technol- 



ogies called next generation sequencing (NGS) emeiged. 

Definition of NGS 

NGS technologies parallelise the sequencing process, 
thereby massively increasing throughput (up to w50 billion 
bases per day) at a reduced cost per base. The Sanger method 
is considered as a 'first-generation' technology, and these 
newer methods are referred to as next-generation sequencing. 

Technology of NGS 

Currently, five major NGS platforms are commercially 
available, the Roche GS-FLX 454 Genome Sequencer (origi- 
nally 454 sequencing), the Illumina Genome Analyzer (origi- 
nally Solexa technology), the ABI SOLID analyzer, Polona- 
tor G.007, the Helicos HeliScope platforms. A general process 
of NGS is outlined in Fig. 1.^' 

Sequencing technologies include a number of methods 
that are grouped broadly as template preparation, sequencing 
and imaging, and data analysis. The unique combination of 
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Fig. 1. Next generation sequencing (NGS) 
worl<flow (adapted from Ware JS, 2012). A: 
Genomic DNA is fragmented and platform 
specific 'adaptors' are attached. The DNA is 
then either attached to a bead or directly to 
the sequencing slide. In either case, the DNA 
is clonally amplified in this location to provide 
a cluster of molecules with identical se- 
quences. If beads are used they are then im- 
mobilised on a sequencing slide. Different 
NGS platforms employ different sequencing 
chemistries. B: One approach to sequencing 
by synthesis, as employed by the Genome 
Analyser system (lllumina). The sequence of 
each fragment is read by decoding the se- 
quence of fluorophores imaged at each 
physical position on a sequencing slide. Ad- 
vanced optics allow for massively parallel se- 
quencing. C: Each DNA molecule yields one 
or two sequence fragments depending on 
whether it is sequenced from one or both 
ends. These sequence fragments are com- 
putationally aligned with a reference se- 
quence and mismatches identified. 



specific protocols distinguishes one technology from anoth- 
er and determines the type of data produced from each plat- 
form. 

There are two methods used in preparing templates for 
NGS reactions: clonally amplified templates originating from 
single DNA molecules, and single DNA molecule templates. 

Clonally amplified templates are created through emulsion 
PCR (emPCR) and solid-phase amplification. Template prepa- 
ration using these two methods are described below (Fig. 2A, 
B).''' After the successfiil amplification and enrichment of 
emPCR beads, millions can be immobilized in a polyaciyl- 
amide gel on a standard microscope slide (Polonator), chemi- 
cally crosslinked to an aminocoated glass surface (Life/APG; 
Polonator) or deposited into individual PicoTiterPlate wells 
(Roche/454) in which the NGS chemistry can be performed. 
Solid-phase amplification can produce 100—200 million spa- 
tially separated template clusters (lUumina/Solexa), providing 
free ends to which a universal sequencing primer can be hy- 
bridized to initiate the NGS reaction. 

Single molecule templates are usually immobilized on solid 
supports using one of at least three different approaches, 
which are described below (Fig. 2C-E).''' Currently Pacific 
Biosciences only uses this method. 

Application of NGS 

NGS can be used with shortened time and reduced cost in 



all fields where automated Sanger method has been used. It 
can be applied to whole genome sequencing (WGS), exome 
sequencing and target gene sequencing. 

While NGS per base sequencing costs are relatively low, the 
cost of sequencing entire hiiman genomes remains high and 
WGS is unnecessary for many diagnostic and research appli- 
cations. It is estimated that the protein-coding regions of genes 
(exons) constitute approximately 1% of the human genome 
but harbour 85% of the mutations with large effects on dis- 
ease." The exome is the part of the genome formed by exons, 
coding portions of genes in the genome that are expressed. 
Therefore, targeted sequencing of the exome or genes of inter- 
est seems a more eflScient approach than WGS. 

NGS is already used in some medical fields and its use is 
being widened. The application of NGS technology has pro- 
duced a transformation in cancer genomics, generating large 
data sets that can be analyzed in different ways to answer a 
multitude of questions about the genomic alterations associat- 
ed with the disease. Analytical approaches can discover fo- 
cused mutations such as substitutions and small insertion/dele- 
tions, large structural alterations and copy number events.*' 

Genome sequencing is already available for diagnostic use 
by cardiovascular clinicians, primarily for familial conditions. 
NGS is considered in the diagnosis of mendelian diseases such 
as Long QT syndrome and HCM, in molecular autopsy fol- 
lowing sudden death and prenatal diagnosis.^' Both the Human 
Genetics Commission'" and the Foundation for Genomics and 
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Fig. 2. Template immobilization strategies (adapted from Metzker ML, 2010). In emulsion PCR (emPCR)(A), a reaction mixture consist- 
ing of an oil-aqueous emulsion is created to encapsulate bead-DNA complexes into single aqueous droplets. PCR amplification is per- 
formed within these droplets to create beads containing several thousand copies of the same template sequence. EmPCR beads can 
be chemically attached to a glass slide or deposited into PicoTiterPlate wells. Solid-phase amplification (B) is composed of two basic 
steps: initial priming and extending of the single-stranded, single-molecule template, and bridge amplification of the immobilized tem- 
plate with immediately adjacent primers to form clusters. Three approaches are shown for immobilizing single-molecule templates to a 
solid support: immobilization by a primer (C), immobilization by a template (D), and immobilization of a polymerase (E). dNTP: 2'-de- 
oxyribonucleoside triphosphate. 



Population Health"" identified inherited cardiac conditions as 
a key area to help focus the development of an overall NHS 
strategy for NGS-based research and diagnostics. 

As explained above, NGS is expected as a molecular genet- 
ic diagnosis tool in many medical fields currently and in the 
near future. 

Role of NGS in a Molecular Genetic 
Diagnosis of Deafness 

Deafness is a genetically heterogenous disease group, with 



70 nuclear genes identified thus far for non-syndromic sen- 
sorineural hearing impairment and many more for syndromes 
including hearing loss.'" Most early-onset hearing loss is 
known to be genetic.'^' Until recently, most genetic diagnosis 
for the deaf is limited to the most common mutations. Today, 
more target genes sequencing is being made available with 
the advent of NGS technologies.'^' Gene capture combined 
with NGS has allowed a much greater number of samples to 
be examined with the advantages of 1) significant cost sav- 
ing, 2) higher sequencing accuracy because of deeper achiev- 
able coverage, 3) a significantly shorter turnaround time, and 
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4) a more feasible data set for a bioinformatics analysis out- 
come that is flinctionally interpretable.''" Many new genes for 
non-syndromic hearing diseases'^ "' and syndromic hearing 
diseases""'*" were discovered by the targeted NGS approach. 
For example, SMPX'\s, known to encode the small muscle pro- 
tein, X-linked {SMPX). However, one study using NGS iden- 
tified SMPX as a gene in which variation is associated with 
X-linked deafness and illustrates that NGS is instrumental in 
the efficient identification of disease-causing variants in un- 
expected genes.^"' Similarly, C9orf75, Encoding Taperin, was 
identified as the mutated gene in non-syndromic deafness 
DFNB79 by targeted capture and NGS. 

Most newborn hearing loss cases are caused by genetic 
mutations, especially in developed countries.^" Therefore, a 
molecular genetic screening of a panel of genes involved in 
deafness is one of the potential role of NGS. 

Contrary to complicated genetic traits observed in cardio- 
myopathy and cancer genomics, most genetic hearing loss 
cases are caused by monogenic lesion.""' NGS could be used 
in the diagnosis of genetic deafness. Although NGS is still not 
a definitive diagnostic tool, it could be used to make the addi- 
tional tests, which might be expensive, unnecessary. 

According to CDC data (http://www.cdc.gov/ncbddd/ehdi/ 
data.htm), hearing loss prevalence increases from 1% at birth 
to 6% for school-age children. A potential patients with a 
carrier can be counseled and managed in advance with the 
help of NGS technologies. 

Management of genetic hearing loss using the genetic lev- 
el correction could be available in the future with the the 
widespread use of NGS technologies in the molecular genet- 
ic diagnosis. 

Currently, NGS testing of up to 84 human genes implicat- 
ed in both syndromic and non-syndromic hearing loss is of- 
fered on the market (http://www.healthcare.uiowa.edu/labs/ 
morl/index_CDS.htm and www.otogenetics.com),''" and in 
practice, patients with A1555G mitochondrial mutations can 
be warned about their increased susceptibility for aminogly- 
coside ototoxicity. 

NGS Experiences in 
Seoul National University Hospital 
Otolaryngology Department 

According to Choi, et al.^^' and Park, et al.,^^' GJB2 and 
SLC26A4 are responsible for 10-15% and 20% of total 
deafness in Koreans respectively, while about 2/3 of deaf pa- 
tients have not been molecular genetically diagnosed in Ko- 
reans. There might be completely different mutation spec- 
trums depending upon ethnicities in Korea. 



In Seoul National University Hospital, Choi, et al. per- 
formed pilot study of the target gene sequencing for 80 deaf- 
ness genes among Korean deafness families. Cases were re- 
cruited from Sep. 2010 through April 2011, which included 
10 autosomal dominant families and 1 autosomal recessive 
families. NimbleGen SeCap EZ Human Exome Library v2.0 
capture kit was used for target exome capture and HiSeq2000 
for sequencing. Analysis of bioinformatical data demonstrat- 
ed very promising results in autosomal dominant inheritance 
families, which clarified the genetic etiology in 6 of 10 fami- 
lies and narrowed down to 2 potentially pathogenic variants 
in 3 of remaining 4 families. Whole process including chip 
design took 8 weeks and the cost was 400000 won per sam- 
ple, while the cost for Sanger sequencing of the 80 genes re- 
quired 5000000 won per sample. Authors nearly made a mo- 
lecular genetic diagnosis from nine (90%) of ten AD families 
and again confirmed a heterogeneity with a reduced cost and 
shortened period compared with conventional sequencing 
method. 

Conclusion 

Genetic testing plays an important role in the diagnosis and 
management of genetically inherited disease. In the short term, 
Sanger sequencing method will continue to be used as a com- 
plementary strategy to sequence genomic regions that are dif- 
ficult to target with NGS and also to validate NGS findings. 
As the accuracy and efficiency of targeted sequencing im- 
proves, NGS is expected increasingly be used as a standard 
technique. 

Currently, NGS is applied into target gene sequencing in a 
research field and is introduced in the screening and counsel- 
ing of genetic hearing diseases. As NGS costs fall, further 
move to exome sequencing and whole genome sequencing 
can be accomplished to investigate the genetic etiology of 
deafness. 

In genomics, the personal genome era made available by 
NGS technologies will mark a significant milestone in entire 
genomic research field in the foreseeable fiature. 
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